OBJECTIVES: Aortic root abscess (ARA) is a catastrophic complication of aortic root endocarditis, involving both native and prosthetic valves, which often warrants surgical intervention. Currently, aortic valve replacement (AVR) and aortic root replacement (ARR) are the most widely employed techniques. However, evidence that directly compares these methods is scarce. In this meta-analysis, we aimed to describe the surgical outcome of ARA when using different surgical methods.
INTRODUCTION
Aortic root abscess (ARA) is a catastrophic complication of aortic valve endocarditis, which involves both native and prosthetic valves. In earlier reports, uncontrolled ARA could lead to severe valvular dysfunction, fistula formation, perforation of cusps, pseudoaneurysm, obstruction of coronary flow or fatal arrhythmia resulting from the involvement of the atrioventricular node. In addition to antimicrobial therapy, several retrospective cohorts demonstrated improved clinical outcomes among patients who received timely surgical interventions [1, 2] . Successful medical management without surgery had been reported after prolonged courses of antibiotics extending beyond 9-18 months [3, 4] . However, even with surgical debridement and proper antimicrobial therapy, the in-hospital mortality rate reported in the literature was still high, ranging from 12.2% to 30% [5, 6] . Reported risk factors associated with increased mortality include prosthetic valve endocarditis (PVE) and Staphylococcus aureus infection [1, 7] . Furthermore, recurrent infections after surgery were frequent [8] .
Although surgical intervention is considered the cornerstone of successful treatment, the procedure of choice is still debatable [9, 10] . Since the 1970s, for patients with periannular spreading of infection and destruction of the surrounding tissue, successful treatment involved surgical debridement and the insertion of prosthetic aortic valves [11] . However, recurrence of infection was still a concern during the longitudinal follow-up of patients who survived surgery for ARA [12] . In the 1980s, Okita et al. [13] reported successful management of ARA by surgical excision and implantation of an antibiotic-sterilized aortic homograft, which theoretically provided a more radical debridement of the infected tissue. Initially, this technique had not been widely used due to limited access to aortic homografts and early calcification of the implants [14] . In recent decades, the use of biological or synthetic materials for replacement of infected aortic root also provided satisfactory results [10, [15] [16] [17] . Now, depending on the expertise of different surgeons and hospitals, aortic valve replacement (AVR) with patching of the aortic root and total aortic root replacement (ARR) are the 2 most widely used techniques. However, data comparing these 2 procedures are scarce and prone to bias due to a retrospective design and limited patient numbers. Moreover, the optimal timing for surgery is challenging; although an emergency operation might facilitate the early control of infection [10] , delaying surgery until after clinical stabilization might minimize perioperative risk. Because of the rarity and often emergent settings of the diseases, conducting prospective clinical trials to compare short-term and long-term outcomes of these 2 procedures would be difficult. Therefore, we conducted this meta-analysis and systemic review to compare the clinical outcomes of patients who received ARR and patients who received AVR.
MATERIALS AND METHODS
Two authors (G.-J.C and S.-C.P) independently performed literature searches in the PubMed and EMBASE databases for articles concerning the treatment of ARA that were published before 30 June 2016. Keywords used in the literature search were 'aortic root abscess' and 'periannular abscess'. We aimed to include studies that provided primary data from randomized trials and prospective and retrospective cohorts. Case reports, reviews, correspondences, editorials or conference proceedings were excluded from further analysis. After removing duplicate pieces, articles were screened by titles and abstracts for eligibility. Eligible articles were subsequently assessed based on the full text. Data describing the perioperative outcome and postoperative mortality among patients with a diagnosis of ARA or a periannular abscess of aortic valve endocarditis were included for further analysis. In case of any discrepant opinions related to article inclusion, the third author (W.-C.L) was consulted and the final decision was made after discussion.
Data extraction and quality assessment
We used a standardized form to extract primary data from eligible studies regarding patient characteristics and demographics (e.g. patient number, gender, mean or median age, comorbidities and history of previous operation), valve condition [native valve endocarditis (NVE) versus PVE], operative data (operative method and the timing of surgery), definite culture results and clinical outcomes (mortality and rate of reoperation).
The definitions of mortality, rate of reoperation and timing of surgery were unified for comparison across different studies. Early mortality was defined as 30-day all-cause mortality, and mortality rates were calculated at 30 days, 1 year, 5 years and 10 years. One-year reoperation rate was defined as whether the patients had valvular operations again among the enrolled cohort, after excluding deceased patients and patients who were lost to follow-up. The reasons for reoperation were also recorded from each study using the definition from the American Association of Thoracic Surgery (AATS) [18] . Using the clinical management guidelines released by the European Society of Cardiology (ESC) [19] , an emergent operation is defined as surgery performed for ARA within 24 h of diagnosis and an urgent operation is defined as surgery within 2 weeks of diagnosis. However, some of the enrolled studies did not differentiate from the original reports between emergent operations and urgent operations. Therefore, to evaluate the association of outcome and the timing of surgery for patients with ARA in this meta-analysis, ARA patients who had emergent operations and urgent operations were pooled together and compared with those who received delayed or elective operations. For each trial, missing outcome data for the patient who was lost to follow-up during the observation period were managed by a last observation carried forward approach. The methodological quality of the selected articles was assessed using the Newcastle-Ottawa Scale with selection, comparability, and outcome dimensions [20] .
Statistical analysis
In this meta-analysis, we considered all-cause mortality at 30 days, 1 year, 5 years and 10 years as the primary outcomes of interest. Random-effects meta-analysis was conducted using the STATA Metaprop command, which allows computation of 95% confidence intervals (CIs) using the score statistic and the exact binomial method and incorporates the Freeman-Tukey double arcsine transformation of proportions. The relationship between the within-study mortality rate and the year of study was assessed using a weighted least square regression. We also determined the pooled relative risks (RRs) to assess the effect of risk factors (NVE versus PVE and ARR versus AVR) on 30-day allcause mortality across selected studies. Weighted least square regression was used to observe the association between the timing of the operation and mortality. Heterogeneity was assessed using the Q statistic and the I 2 statistic. Publication bias was examined using funnel plots and Egger tests. All of the statistical analysis was conducted with STATA software (12th edition, StataCorp, College Station, TX, USA).
RESULTS

Literature search
Using a keyword search with 'aortic root abscess' or 'periannular abscess', 884 articles were found from EMBASE and PubMed that were published before 30 June 2016. After removing duplicate articles, 646 records were screened via their titles and abstracts. Twelve records were retrieved to check eligibility by assessing the full text. Two additional articles were found during full-text assessment and were screened. Eight articles were included in a qualitative synthesis [1, 5, 6, [21] [22] [23] [24] [25] . Additionally, 1 study included patients who did not undergo aortic surgery; this study was excluded from quantitative analysis [1] . Finally, a total of 7 records were included in the data extraction and meta-analysis ( Fig. 1) .
From the 7 included studies, 781 episodes of infective endocarditis were reported. All of these episodes had complications with ARA or periannular abscess. Summaries of each study are shown in Table 1 . All of the included articles were retrospective observational studies, with various follow-up periods ranging from 30 days to 10 years. The methodological assessment of all enrolled studies used the Newcastle-Ottawa Quality Assessment Scale for cohort studies; the results are shown in Table 2 . Using funnel plots and an Egger test, no implication of publication bias was suspected (P-value of Egger test = 0.82, Supplementary Material, Fig. S3 ).
Postoperative outcomes and risk factors
In this meta-analysis, the 30-day, 1-year, 5-year and 10-year pooled mortality rates after surgery were 20% (95% CI 17-23%), 28% (95% CI 22-34%), 34% (95% CI 24-44%) and 36% (95% CI 25-48%), respectively (Fig. 2) . The time of enrolment of the included studies varied significantly from 1972 to 2013; however, using a weighted least square regression, there was no statistically significant change of 30-day mortality across the time periods (P = 0.40, Supplementary Material, Fig. S1 ). Of all the included cohorts, 3 reported reoperation rates during follow-up, and 43 redo valvular surgeries were reported after the index operation for ARA [22, 24, 25] . The longest duration to reoperation reported in these 3 cohorts was 8 years after the index surgery. The overall rate of reoperation within 1 year, after excluding deceased patients, was 5.2% (95% CI 2.9-8.7%). The leading indications for repeat surgery were recurrence of infection and non-structural deterioration, which accounted for 53% and 42% of reoperated patients, respectively (data not shown).
The pooled 30-day postoperative mortality rate was 19.1% (95% CI 13.3-26.1) among patients who received AVR and 23.8% (95% CI 17.8-30.6) among patients who received ARR. When compared with patients who underwent AVR, ARR was associated with a trend of increased 30-day postoperative mortality, although this correlation was not statistically significant (RR 1.30, 95% CI 0.84-2.00) (Fig. 3) . However, ARR was associated with a lower rate of 1-year reoperation when compared with the AVR technique (RR 0.50, 95% CI 0.26-0.94) (Fig. 4) . Furthermore, among patients with PVE, the 30-day mortality rate after operation was significantly higher than patients who received a diagnosis of NVE (RR 1.72, 95% CI 1.24-2.37) (Fig. 3) .
Timing of surgical intervention
The optimal timing of ARA was also debatable; some specialists favoured emergent or urgent operation to obtain better control of infection, while others delayed surgery until after clinical stabilization to minimize perioperative morbidity and mortality. Five of the enrolled trials reported the timing of the operation [5, 6, 22, 24, 25] . We depicted the proportion of emergent operation and postoperative mortality rate from each cohort. There was no correlation between the timing of operation and mortality when using a weighted least square regression (P = 0.27, Supplementary Material, Fig. S2 ).
Causative microorganism and mortality
Five of the enrolled studies provided details concerning the causative pathogens associated with ARA (Table 3) Among patients with identifiable pathogens, staphylococci remained the most common pathogen and accounted for 28.1% of all ARA. Streptococci were the second most common microorganism followed by enterococci, which accounted for 23.3% and 10.3% of all infections, respectively. In 1 cohort describing 67 patients with periannular abscesses, Anguera et al. [1] identified S. aureus infection as an independent risk for mortality. However, the correlation between postoperative mortality and causative microorganism was not discussed in other included studies.
DISCUSSION
In this meta-analysis, including 7 clinical studies with 781 episodes of ARA, we found that patients who received ARR for management of ARA carried a 50% lower risk for repeat operation when compared with those who underwent AVR. There is a trend of an increased 30-day mortality rate among patients who underwent ARR compared with the AVR technique, although this is not statistically significant. Emergent or urgent operation was not associated with improved clinical outcomes in our metaanalysis. The only risk factor associated with increased mortality was PVE, which carries a 1.7-fold elevation of RR when compared with NVE.
Postoperative outcomes
ARA mortality remained high even with revolutionary techniques and novel materials. In our meta-analysis, the 30-day mortality remained as high as 20%, which saw no significant improvement during the past 3 decades (Supplementary Material, Fig. S1 ). We also found a trend for higher mortality among patients who received ARR rather than AVR. In another cohort of 100 patients with active aortic valve endocarditis and an unknown proportion of ARA, Mayer et al. [26] found a trend of increased mortality in patients who received ARR. However, the mortality among ARA patients is multifactorial, and many confounding factors must be balanced before directly comparing these 2 techniques. Due to the scarcity of enrolled clinical studies, meta-regression was not performed to stratify possible confounding factors such as age, gender, New York Heart Association functional classification, pathogens, perioperative clinical status and concurrent sepsis. 
$: one point attributed in the NOS; O: zero point attributed in the NOS; N/A: not applicable.
Additionally, the preoperative risk assessment score was not universally available, as only Leontyev et al. [25] reported a logistic EuroSCORE as high as 62 ± 14% among all the ARA patients. The trend of increased mortality among the ARR group might be attributed to confounding by indication, as patients with more severe disease and more extensive destruction might tend to receive ARR and eventually carry a higher mortality rate. When choosing between these 2 procedures, both the National Heart Hospital, London (enrolled cases with PVE only) [6] and the Deutsches Herzzentrum Berlin (enrolled groups with NVE and PVE) [23] had a policy that preferred to remove infected tissues for patients with ARA and only included patients with ARR 
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procedures. In other studies, the operation method was mainly chosen depending on the anatomical conditions [22, 24, 25] . Studies from Lee et al. [5] and Choussat et al. [21] did not provide clear indications for operation method selection. Thus, whether ARR can lead to lesser short-term or long-term mortality may need further investigation and would need to be stratified by valvular condition (NVE versus PVE) and other possible confounding factors.
In our meta-analysis, 5.2% (95% CI 2.9-8.7%) of patients required repeat cardiac surgery after receiving surgery for ARA within the 1st postoperative year. By assessing the available data from the included studies in this meta-analysis, most of these reoperated patients received a second surgery due to recurrent infection and non-structural deterioration of the aortic valves. Extensive removal of the infected tissue followed by surgical reconstruction was favoured by some experts due to the destructive nature of the disease [10] . ARR had been suggested as an eradicative operation method to remove the most infectious tissue and provide a better reconstruction of the aortic root, which probably prevents a reoperation due to infection recurrence or non-structural deterioration [13, 27] . Our finding was in line with this assumption and demonstrated a reduced rate of repeat operations among the ARR group, with the RR being 0.43 (95% CI 0.24-0.62). To the best of our knowledge, this is the first metaanalysis to summarize the limited ARA cohort and confirm that there is a significantly lower risk for reoperation among ARR patients compared with AVR patients.
Five of the 7 enrolled studies reported their data concerning patients with PVE versus NVE [5, [21] [22] [23] [24] , while only 1 of them was able to demonstrate an increased mortality rate among patients with PVE compared with NVE [23] . After pooling the data in our meta-analysis, PVE was associated with a 1.7-fold increase in 30-day postoperative mortality. The difference in clinical characteristics between NVE and PVE was well documented in previous studies. In these earlier reports, patients with PVE were associated with more periannular abscesses [28] , more haemodynamic dysfunction, higher mortality and higher incidence of recurrence [7, 29] . However, most of these trials described patients with endocarditis rather than focusing on patients who had ARA complications. Our report was the first meta-analysis to describe the different clinical outcomes in patients with ARA that arose from PVE versus NVE and clearly demonstrated a higher risk of mortality in patients with PVE compared with NVE (RR 1.65, 95% CI 1.20-2.25). In several observational cohorts focusing on patients with PVE with or without ARA, there was a higher rate of preoperative haemodynamic instability that likely affected the perioperative outcome [7] . However, further studies are required to identify which risk factors contribute to the increased risk of mortality among PVE patient who have ARA complications.
Timing of surgical procedure
Despite being considered a surgical disease, the proper timing for operations among patients with ARA was not previously well studied. Although some centres performed emergent operations, such as the report by Leontyev et al. [25] in Germany, the study by Kirali et al. [24] in Turkey suggested that delayed-urgent surgery was feasible after stabilizing the infection and haemodynamic status. In the report by Yankah et al. [22] , patients who received emergent operations had a 30-day mortality of 14.3%, which was not statistically different to the 9.3% 30-day mortality among nonemergent patients. The method of diagnosis may also influence the timing of the surgery. ARA diagnosis was based on echocardiography prior to surgery for studies published after 2000. However, in studies published before 2000, the decision to operate was mainly based on progressive cardiac failure and ongoing sepsis [6, 21] , and most ARA cases were diagnosed based on macroscopic inspection or histological examination during surgery [21] . Our meta-analysis did not reveal a correlation between the proportion of emergent or urgent operations and postoperative mortality. It is worth noting that the individual data of timing of operation and mortality were not available for all enrolled studies; thus, we adopted an ecological study method in this study. Therefore, further investigation is needed to determine whether an emergent or an urgent operation improves the clinical outcomes of ARA.
Surgery versus medical treatment
In this meta-analysis, we focused on the outcomes of surgical patients, and thus, cohorts including patients who were ineligible for surgery were excluded. When considering the report by Anguera et al. [1] , which included 67 patients with 11 (16%) of them ineligible for surgery, there was a trend for lower mortality in patients who had received surgery. In another report by Chan et al. [2] , surgery was also associated with lower post-operative mortality (surgical patients versus non-surgical patients 51.6% vs 66.6%). Even though the results of both the aforementioned studies were not statistically significant, the studies may be underpowered by their limited case numbers. Among the 12 patients who were ineligible for surgery in the study by Chan et al. [2] , only 3 (25%) of them survived more than 2 years without symptomatic heart failure, valvular deterioration or infection recurrence. Some authors reported successful medical treatment alone with a prolonged course of antibiotics for up to 9-18 months.
Limitations
Our study had several limitations, and thus interpretations of our results should be cautious. First, only 7 studies were included in our meta-analysis, and all of them were retrospective cohorts. However, our meta-analysis is the first attempt to gather sparse data related to ARA. We suggest that high-quality prospective clinical studies are warranted to confirm our findings related to clinical outcomes, especially the long-term reoperation rate after ARR and AVR. For this purpose, international multicentre initiatives, such as the International Cooperation on Endocarditis (http://www.endocarditis.org/ice/index.html), may provide useful information from prospectively enrolled cohorts. Second, the length of follow-up period in each study varied considerably Glazier et al. [6] (n = 30), n (%)
Yankah et al. [22] , (n = 161), n (%)
Lee et al. [5] (n = 49), n (%)
Leontyev et al. [25] (n = 150), n (%)
Kirali et al. [24] (n = 27), n (%) Total (n = 417), n (%) The actual frequency of some pathogen was not reported and calculation of overall proportion was not possible. NR: not reported.
( Table 1) , and the completeness of each study's follow-up could not be assessed with the original data. Outcomes from the 1st postoperative year were provided for comparison because we believed that the risk of loss to follow-up would be smaller. However, the use of last observation carried forward method in managing the missing data might lead to underestimation of the clinical event rate, especially the 5-year and 10-year mortality. We believe that the underestimation of mortality or reoperation rate because of missing data would be no different in ARR versus AVR or NVE versus PVE. Finally, several clinically relevant questions could not be answered by this meta-analysis and still warrant further study. We did not find associations between emergent or urgent operations and mortality, and thus the optimal timing for surgery is still debatable. The duration of antimicrobial treatment after operation cannot be assessed in our meta-analysis because of the limitations of the original data. Furthermore, the optimal treatment strategy for patients who were ineligible for surgery was discussed rarely in the past and remains unclear.
CONCLUSION
This meta-analysis revealed that ARA still carries a high risk for mortality even after a surgical intervention. There was no statistically significant difference in 30-day mortality among patients who received ARR versus AVR. However, when compared with AVR, ARR was associated with fewer repeated operations within 1 year. Further study is needed to evaluate the long-term mortality and reoperation rates between the 2 operation methods and to clarify the effects caused by other possible risk factors.
SUPPLEMENTARY MATERIAL
Supplementary material is available at EJCTS online.
